Abstract. Wildfires negatively affect the overall reproductive success of several woodland avian species, but there is scarce information about which stages of the nesting cycle are specifically affected. We conducted a 3-year study to identify the effects of fire on the reproductive parameters of the great tit (Parus major) and the survival of its nests at different stages of the nesting cycle. We recorded the occupancy rate, clutch and brood size, hatching, fledging and nesting success in nest boxes placed on study plots with different post-fire age. By examining the post-fire succession, we analysed the survival of eggs and nestlings under predation risks. As the forest matured after a wildfire, tits occupied more nest boxes and laid more eggs that suffered less predation than in earlier successional stages. Although the incubation fate improved at each step of succession, the conditions to fully raise nestlings seemed to be suitable only in the oldest woods. Our findings indicate that the population dynamics of a reputed generalist avian species may be affected by fire. Furthermore, the effects of wildfires on stage-specific reproductive parameters show that an avian species that inhabits woodlands regains its full productivity only when its habitat has completely recovered from fire.
Introduction
Avian communities and biodiversity undergo profound changes after a fire. Species typical of open habitats, for example, have increased foraging opportunities, which can, in turn, show reproductive advantages (Saab et al. 2007) . Likewise, in conifer forests, wood-foraging birds are more abundant in recently burned stands (Hutto 1995; Hoyt and Hannon 2002; Nappi et al. 2010) , particularly abundant in saproxylic insects, their preferred prey (Nappi et al. 2003 (Nappi et al. , 2010 . In fact, recently burned boreal forests provide optimal foraging and nesting conditions for fire specialists such as the black-backed woodpecker (Picoides arcticus; Nappi and Drapeau 2009) .
In contrast, some woodland species may continue to breed with suboptimal success after a fire (Meehan and George 2003; Bellia 2005; Sarà et al. 2006) . Wildfires affect the population dynamics and distribution of these avian species by decreasing the area of suitable habitat and their optimal trophic resources and by producing more habitat patches with an increased amount of edges (Stuart-Smith et al. 2002; Maina and Jackson 2003; Adeney et al. 2006) . Species that nest after a fire have been found to show poor reproductive performance because of their reduced productivity and lower nest success or survival (Kochert et al. 1999; Humple and Holmes 2006) . These parameters describe the global effects of fire on reproduction, but they do not distinguish whether they negatively influence only one or all the stages of the nesting cycle. Nest failure can be caused by several potential events, including predation on eggs and nestlings, food deprivation and nest desertion (Martin 1995; Barlow and Peres 2004) . It remains unclear whether the reduced productivity recorded in burned areas is due to variation in clutch size, unhatched eggs or other causes occurring at different nesting stages.
In general, studies have focussed only on specialist species with conservation status of concern (Vierling and Lentile 2006; La Puma et al. 2007) , which may result in a lack of a holistic judgement for understanding the effects of fire on avian communities (Leidolf and Bissonette 2009) . Generalist species also play an important role in the avian community. Nevertheless, the effect of fire on their population dynamics remains poorly studied (Deng and Gao 2005) . In Mediterranean habitats, the great tit is a generalist forest species (Massa et al. 2004; Gil-Tena et al. 2007 ) that also inhabits gardens and parks (Cramp 1992). Nour et al. (1998) indicated that its reproductive success is not affected by forest fragmentation and implied that this species is able to respond adaptively to various conditions. Other evidence, however, suggested that great tits have more specific needs than previously thought (Herrando and Brotons 2002; Bellia 2005) . We chose the great tit as a model of generalist forest species to investigate their adaptability to post-fire contexts.
In this study, we tested whether the nest stages were differentially affected by the post-fire conditions by investigating the reproductive parameters of the great tit (Parus major) in a fireprone area. Our objective was to test whether the time since fire was related to (i) occupancy rate; (ii) clutch and brood size; (iii) hatching, fledging and nest success; and (iv) survival of the nest during the different stages of the nesting cycle of great tits breeding in a fire-prone Mediterranean mixed forest. (Raimondo 1998) .
Materials and methods

Study area
From 1980 to 2002, human-caused fires periodically affected a total of 28% (27 210 ha) of the area (within and outside the park). We identified five 100-ha wood sites of Erico-Quercion ilicis that had been affected by fire at different times and, as such, represented different post-fire ages along the succession: two plots burned in 2001, one in 2000, one in 1998 and one in 1993. We identified, as a control, another 100-ha plot that had remained unburned for at least 50 years, which is the time interval of spontaneous fires occurring in similar dry ecosystems of the Mediterranean Climate Zone (Sousa 1984) . The post-fire age of each plot was determined from personal records and inquiries directed to forestry officers and local people. We detected a homogeneous vegetation cover and composition among plots within each post-fire age. All plots had a N-NW exposure, were separated by ridges and were 1 km distant from each other.
Sampling design
Studies of the effect of time since fire have been penalised either by the assumption that differently burned plots represent a unique post-fire succession (synchronic model; Adeney et al. 2006) or by impractical long-term sampling on the same plots (diachronic model; Moreira et al. 2001; Adeney et al. 2006) . In the present study, we used a mixed approach, the diachrosynchronic model, which uses both models by sampling the same areas in consecutive years and areas with different postfire ages (Prodon and Pons 1993; Sarà et al. 2006) . This approach presents some disadvantages because it cannot take into account the heterogeneity of different areas, their past fire histories and possible variation in species detection in the years of study. However, the diachro-synchronic model has been shown to be more reliable for students and researchers interested in the ecological response of ecosystems after fire. This mixed model is a useful compromise for reconstructing a secondary succession and provides more insight on the long-term effects of fire (Prodon and Pons 1993; Sarà et al. 2006) . Because of the difficulties in finding more than one homogeneous plot burned between 1993 and 2000, we pooled the data from the sere of 5.5-11.5 years to the median sere of 8.5 years. Table 1 summarises the replication of the dataset in terms of the number of post-fire ages and plots sampled in the 3 years of the study.
Reproductive variables, nesting survival and statistical analyses
We monitored nests of great tits in mixed-oak woodlands from 2003 to 2005. In each experimental plot, we placed ,30 nest boxes, 20 m distant from each other. Starting from the last week of March until the end of June, we visited each box every 7-8 days. The causes of nest failure were classified into predation -when, between nest checks, we recorded some kind of loss in nest content -and nest desertion -when no nest content loss was recorded and the eggs were cold and unhatched from the last nest check. We did not record unhatched eggs and starved nestlings. If a box was found with a completed clutch, we back-dated the first day of laying by using an incubation time of 13 days from hatching (Cramp 1992) .
From the data collected, we quantified the following variables: occupancy rate (the proportion of nest boxes occupied out of the total number available), clutch and brood size, hatching success (the proportion of eggs hatched out of the total number of eggs laid), fledging success (the proportion of young fledged out of the total number of nestlings hatched) and nesting success (the proportion of young fledged out of the total number of eggs laid).
To determine whether post-fire age affected nest survival, we conducted a series of survival analyses by adopting the approach proposed by Mayfield (1961 Mayfield ( , 1975 . Tests that are based on final reproductive rates do not take into account the temporal sequence of nest failure and the number of nests potentially available to nest predators (Mayfield 1961) . Survival analyses overcome this limitation by making no assumptions about the final fate of each monitored nest (Rotella et al. 2004) . We considered 'survived nests' as those where no eggs or nestlings went missing during the nest-monitoring period. Because of the low number of nest-desertion events, they were not statistically analysable (see Results), and we quantified nest survival due to predation only. Similarly to the methods adopted by studies of population demography (Boal et al. 2005) and dynamics (Woodworth 1999) , we considered the nest predation event as having occurred on the day of the midpoint between the two last nest checks. We determined the survival from predation separately for eggs and nestlings using the Kaplan-Meier product limit, where the data were arranged according to survival time and predation events relative to each nest. We then tested whether time since fire was a valid predictor of nest survival time by running Cox regressions (Cox 1972; Cox and Oakes 1984) . To control whether other factors had a potential effect on the reproductive parameters and nest failure rates, we conducted other survival analyses by treating the study years and plots as independent variables and the number of days of egg and nestling survival as the dependent variable. In this case, to compare nest survival between discrete groups of years and plots, we used the Gehan-Wilcoxon and log-rank tests (Fox 2001) , which relate the dependent variable (i.e. nest survival time) to categorical predictors (i.e. year and plot). Within each study year, the number of surviving and non-surviving nests allowed testing of the effect of each year. However, because of the absence of non-surviving nests in three plots, we could perform analyses of egg survival only in plots burned in 1993, 2000 and 2001 and on nestling survival in plots burned in 1950, 1993 and 2000.
Finally, we ran linear regressions (Zar 1999) to test the relationship between post-fire age and occupancy rate, clutch and brood size and nesting success. The linear regressions also allowed testing of the relationship between post-fire age and desertion events. Our sample size did not, however, allow running linear regression analyses within each year and plot. All analyses were conducted using Statistica 6.0 (Statsoft Inc., Tulsa, OK, USA, 2001).
Results
We found a total of 94 nest boxes occupied during the 3-year study. In 16 nests (17%), only new nest material was added and no egg laying was recorded and, therefore, these nests were not taken into account for subsequent analyses. For another 10 nests (11%), it was not possible to determine the cause of failure, and therefore, they were not taken into account in quantifying the clutch or brood size of the population. Survival analyses were conducted on 74 nests during the incubation and 56 during the nestling stages. For the linear regression analyses, from 47 to 63 nests were available to quantify the reproductive and nest failure rates and the clutch and brood size in the sites with different post-fire ages (Tables 2, 3) .
The study year and plot did not affect the survival of both eggs and nestlings from predation (Table 4) . At the end of the incubation stage and across the sere, the cumulative proportion of nests surviving egg predation was 0.85 AE 0.04 (Kaplan-Meier product limit, n ¼ 74). The Cox regressions showed that (Table 4 ). This result indicates that egg survival improved significantly at each temporal step along the succession, reaching its maximum in the unburned plot (Fig. 1) . At the end of the nestling stage and across the succession, the cumulative proportion of nests surviving nestling predation was 0.48 AE 0.12 (Kaplan-Meier product limit, n ¼ 56). In this case, the post-fire age was not a predictor of the nest surviving nestling predation, and thus nestlings had a similar probability to fledge regardless of the stage of succession in which they were raised (Table 4) . However, by examining the nest survival curves predicted by Cox regressions (Fig. 2) , we suspected that the nests in all burned areas survived less time than those in the area unburned for more than 50 years. Therefore, by grouping the data, we found that nestling survival improved significantly only in the comparison between burned and unburned areas and not among the most recently burned plots (Gehan-Wilcoxon test statistic ¼ À3.27, P ¼ 0.001, log-rank test statistic ¼ 3.35,
The occupation rates increased significantly with time since the last fire ( Table 5 ), indicating that a larger number of great tits nested in older succession stages. On these plots, the regression results revealed that clutch and brood size increased significantly with post-fire age (Table 5) , and thus the great tits laid more eggs and raised more nestlings in areas less disturbed by fire. The regression analyses confirmed the results of the previous analyses by showing that fewer eggs, but not fewer nestlings, survived in recently burned plots than in older successions, which probably influenced the significant trend of the final nesting success (Table 5) .
Discussion
In the Mediterranean forest of the Madonie Regional Park, great tits nested preferentially in more mature wood plots, where they achieved higher reproductive success, as they laid larger clutches and suffered less egg predation than conspecifics nesting in early succession areas. The overall nesting success increased with time since last fire; thus, great tits fledged more young in areas undisturbed by fire for a longer time. As desertion played little role in reducing the clutch size, hatching success was mostly affected by predation pressure on eggs, as shown by the greater egg survival in more mature forest plots. Indeed, eggs had a significantly higher survival rate at each step of the temporal sere. In contrast, fledging success did not relate to post-fire age. Again, predation was the major cause of brood reduction. In this case, the survival of nestlings did not increase significantly across the early and intermediate sere, but did only in the oldest mature oak woods. Specifically, in the intermediate sere, the eggs had a higher survival rate, whereas nestlings suffered the same predation rate as that occurring in the early succession areas.
Clutch size variation in great tits has been largely studied as a reproductive variable that is strictly dependent on specific factors. Some authors have suggested that great tits and many other avian species adjust their clutch to a size by tuning it to predation risk (Martin 1995; Doligez and Clobert 2003; Doligez et al. 2008) . This is consistent with our results in the Madonie Mountains, where the higher predation rate may have influenced the reduced clutch and, in turn, the brood size observed in the early succession plots.
The heavier predation pressure on recently burned areas may also explain the low occupancy rate recorded on these plots. Nest spacing has been interpreted as the only effective nest defence response of the great tit (Krebs 1971) , which is consistent with the slower post-fire recovery shown by some endangered avian species (Lindenmayer et al. 2009 ).
The mechanism that underlies the greater survival of eggs, and not of nestlings, across the successional gradient of the Madonie Mountains remains elusive. One of the effects of wildfires is to turn a continuum habitat into a collection of small patches (Deng and Gao 2005) . Moreover, edge effects have been found to be the principal cause for the increase in nest predation in areas mostly affected by human-induced habitat fragmentation (Hartley and Hunter 1998; Githiru et al. 2005) . Thinned vegetation cover and proximity to new edges are the causes that explain a reduced productivity of avian species (Flaspohler et al. 2001; Manolis et al. 2002) , including secondary cavity nesters (Huhta and Jokimäki 2001; Vierling and Lentile 2006) . Our results showed that the gradual recovery of burned plots allowed great tit eggs to survive until hatching, but this recovery was insufficient to prevent predation on nestlings. Only the complete recovery of a mature forest allowed the young to survive significantly longer. Partial recovery of the vegetation in the intermediate sere might have been sufficient for great tits to escape predator detection in the early stage of nesting, but it might not have been sufficient when nestling begging and smell and parental feeding activity made a nest more conspicuous to predators.
In our study site, pine martens (Martes martes) and common rats (Rattus rattus) have been observed to predate on both eggs and nestlings of great tits. The rats, in particular, occupied more nest boxes in post-rather than in pre-fire areas (occupation rate: 0.25 v. 0.01 respectively), whereas they were completely absent in the unburned area (Milazzo 2006; M. Sarà, unpubl. data) . However, we are unaware of what proportion of great tit eggs and nestlings comprises the diet of these predators, whether they change their prey throughout the nesting season and whether there are seasonal fluctuations in the abundance of these predators among the different succession sere.
In fragmented areas, community biodiversity declines (Barlow and Peres 2004; Adeney et al. 2006; Gil-Tena et al. 2008) , and the few nesting species left might be under higher predation pressure, which was formerly distributed across a larger number of potential prey types (Humple and Holmes 2006) . Previous results (Bellia 2005; Sarà et al. 2006) showed that burned areas experienced a decrease in vertebrate community richness, indicating that nester species can be subject to changed predator dynamics and preferences. Further studies that address the seasonal changes in prey availability of generalist predators would shed more light on the differential predation of eggs and nestlings shown by this study.
Our results both concur and disagree with previous studies where habitats that underwent human-induced disturbance events showed that cavity nesters (Matthysen and Adriaensen 1998; Huhta and Jokimäki 2001; Vierling and Lentile 2006;  Saab et al. 2007 ) and other species (Flaspohler et al. 2001; Manolis et al. 2002; Meehan and George 2003) experience poorer reproductive performance. Because these studies quantified the overall parameters of reproductive success, it was unclear which percentage of the variation in productivity was due to variation in clutch size, predation, or other factors potentially influencing nesting cycle fates. By analysing each reproductive parameter from nest survival to hatching and fledging, we were able to dissect the effects of time since last fire and to pinpoint the variables or the nesting stage that were specifically affected. It has been assumed that disturbed areas may offer populations of coloniser and specialist species contrasting conditions, where the former can either grow or remain stable whereas the latter can decrease their productivity and decline (Barlow and Peres 2004; Bellia 2005; Adeney et al. 2006; Sarà et al. 2006) . Our results showed that fire affected the overall reproductive performance of great tits as they nested in small numbers in recently burned areas and laid smaller clutches that suffered more intense predation. Although we could not examine the effect of years and plots on reproductive parameters, these factors did not affect nest survival, indicating that time since the last fire was the only factor that played an important role in the fate of great tit nests. An increase in the sample size would, however, corroborate our findings, which are consistent with less harsh environmental pressures along the post-fire sere during nesting territory establishment and, later, during egg production and laying.
